18 F]fluoroglucose (FDG) positron emission tomography and dynamic contrast-enhanced magnetic resonance imaging with inconsistent results. We sought to investigate the relationship between markers of inflammatory activation, plaque microvascularization, and vessel wall permeability in subjects with carotid plaques using a multimodality approach combining FDG positron emission tomography, dynamic contrast-enhanced magnetic resonance imaging, and histopathology. Methods and Results-Thirty-two subjects with carotid stenoses underwent noninvasive imaging with FDG positron emission tomography and dynamic contrast-enhanced magnetic resonance imaging, 46.9% (n=15) 
I
nflammatory signaling mediated by activated macrophages contributes to the formation of atherosclerotic plaques with characteristics associated with fatal thrombosis, 1 and inflammation associates with incident cardiovascular events. 2 Inflammation provides a mechanistic link between traditional cardiovascular risk factors such as hypertension and low-density lipoprotein, and the altered biological responses of the artery wall that drive atherosclerosis and its complications. 3 Neovascularization of the intima accompanies inflammation 4 and atherogenesis. 5 Friable plaque microvessels, with the potential to promote intraplaque hemorrhage, thrombosis in situ, lipid-rich necrotic core accumulation, and subsequent plaque expansion, likely contribute to clinical complications. 4, 6 Clinical Perspective on p 929
In human carotid disease, current diagnostic and therapeutic guidelines emphasize symptoms and luminal stenosis severity in patient selection for invasive revascularization, 7 yet these indices may lack sensitivity and specificity for predicting optimally the risk of future atherothrombotic events. Molecular and pharmacokinetic imaging techniques, such as 2-deoxy-2-[
18 F]fluoroglucose (FDG) positron emission tomography/computed tomography (PET/CT) and dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI), allow measurement of metabolic activity [8] [9] [10] and neovascularization, 11, 12 respectively. Although studies have shown the feasibility of imaging plaques with FDG-PET and DCE-MRI, 13, 14 and some have attempted limited correlation between histological staining and PET 15, 16 or MRI, 12 inconsistent results have emerged, perhaps underscoring that the mere presence of macrophages or microvessels may not reflect the prevailing inflammatory activity. Indeed, mononuclear phagocytes exhibit considerable functional diversity, such that simply enumerating these cells discloses little about their state of inflammatory activation. 17 We thus sought to investigate the relationship between markers of inflammatory activation, plaque microvascularization, and vessel wall permeability in patients with carotid plaques, using a multimodality approach combining FDG-PET, DCE-MRI, and histopathology. This study tested the hypotheses that (1) FDG uptake by PET and (2) microvascular permeability and perfusion by DCE-MRI correlate with histological markers of macrophage content, active inflammation, and plaque microvascularization, and (3) FDG uptake correlates with microvascular permeability, independently of anatomic stenosis severity.
Methods

Study Population
This study enrolled prospectively 32 subjects who presented electively for evaluation of carotid stenoses and underwent imaging with FDG PET/CT and DCE-MRI before possible carotid endarterectomy (CEA) at Brigham and Women's Hospital ( Figure 1A ). Before enrollment, carotid stenoses were assessed by Doppler ultrasonography as clinically indicated. Exclusion criteria included contraindications to PET/CT or MRI, including pregnancy or lactating state, renal dysfunction (estimated glomerular filtration rate <60 mL/min), hemodynamic instability, presence of metallic implants, and significant claustrophobia. Clinical history and medication use were ascertained at the time of subject enrollment. After obtaining written informed consent, study participants underwent carotid PET/CT and MRI ( Figure 1B) . In those scheduled to undergo CEA as part of standard clinical care, imaging occurred within 14 days before endarterectomy, at which time excised plaques were removed intact for histological analysis. Blood samples for biomarkers were collected just before CEA or before imaging if no CEA was planned. The study was approved by the Partners Healthcare Institutional Review Board and conducted in accordance with institutional guidelines. ^D CE-MRI denotes dynamic contrast-enhanced magnetic resonance imaging; and **analyzable control denotes analyzable control regions remote from plaque. Each subject had the potential of contributing up to 1 plaque and 1 control region per carotid artery. For FDG PET/CT and DCE-MRI, bilateral imaging yielded up to 2 plaques and 2 control regions per subject (not all were analyzable). B, Protocol timeline. C, Imaging of the carotid bifurcation for plaque colocalization. Identification of plaque relative to the carotid bifurcation allowed for colocalization of PET/CT and MRI images with carotid endarterectomy specimens. A representative MRI screenshot from a subject with a right internal carotid plaque (arrowhead) is shown. Control regions were defined >1 cm away from plaques.
PET/CT Imaging
Patients were imaged with a whole-body PET/CT scanner (Discovery STE LightSpeed 64, GE Healthcare, Milwaukee, WI) with a 15-cm field of view that generated 47 image planes with a slice thickness of 3.2 mm. A rigid, MR-compatible head holder with fixation straps was used to minimize involuntary motion of the head and neck. All patients had a blood glucose concentration <200 mg/dL at the time of imaging, and long-acting medications, except for insulin, were omitted on the morning of imaging; any subjects on long-acting insulin were instructed to take half of their usual dose. After an overnight fast, patients were injected intravenously with 10 mCi of FDG. After a distribution period of 90 minutes, 18 dedicated head-neck PET imaging in 3-dimensional (3D) list mode was performed in 1 bed position for 20 minutes (matrix 128×128). Low-dose, noncontrast helical CT imaging (140 kV, 20 mA) was performed over the same range, from the skull base to 3 cm below the level of the carotid bifurcation, for attenuation correction of PET images and anatomic localization of FDG uptake. Radiation exposure per study was <8 mSv.
Measuring FDG Uptake and TBR
FDG PET/CT images were analyzed as previously described. 8 Carotid FDG uptake was measured at 3-to 4-mm intervals along the length of the carotid artery by an experienced observer blinded to the MRI and histopathology results. Regions of interest were drawn in the internal carotid artery or common carotid artery bifurcation using minimum area boundaries at slice locations matching the MRI-defined plaque or control regions, using the CT scan coregistered to FDG-PET images. For each slice, standardized uptake values (SUV max , SUV mean ) were measured as the maximum and mean pixel activity within the regions of interest, respectively, using an approach standardized to body weight (BW, in g): SUV BW =tissue activity (μCi/mL)/injected activity per BW (μCi/g). Three measurements of SUV BW were recorded along contiguous slices of plaque or control region to produce an average whole arterial SUV BW per region. Finally, the whole arterial SUV BW was corrected for blood activity by dividing by the average blood SUV BW , obtained from 3 regions of interests from the internal jugular vein, to produce a blood-corrected arterial wall SUV BW , or target:background ratio (TBR). Maximum TBR (TBR max ) and mean TBR (TBR mean ) correspond to values derived from SUV max and SUV mean , respectively.
Dynamic Contrast-Enhanced MRI
Dynamic contrast-enhanced MRI was performed on a 3-Tesla wholebody scanner (Tim Trio, Siemens Medical Solutions, Erlangen, Germany) with a built-in transmit body coil, with high-performance gradients (maximum amplitude of 40 mT/m and slew rate of 200 mT/m/s), and parallel image acquisition capabilities. Custom-built, receive-only, dual-phased arrays with a total of 8 receive channels were used for parallel bilateral carotid imaging; each array consisted of 4 loops with 4.8 cm diameter and 2 cm overlap. 19 To minimize motion, subjects were positioned in a foam head holder with a saturation pad placed over the anterior neck to reduce head mobility and minimize the air-tissue susceptibility interface below the jaw line. The examination included 3D T2-weighted turbo-spin echo sequences with high sampling efficiency (Sampling Perfection with Application Optimized Contrasts using Different Flip Angle Evolutions, SPACE). Nonselective refocusing pulses with variable flip angles tailored to a prescribed signal evolution were applied for localization and definition of carotid bifurcation anatomy and visualization of carotid plaque (repetition time/echo time, 1300/119 ms; echo-train length, 51; isotropic resolution, 0.8 mm; integrated parallel imaging acceleration factor, 2). In the 3D SPACE acquisitions, the read-out direction was oriented along the carotid vessel axis to suppress signal from flowing blood. The protocol for T1-weighted dynamic imaging of carotid wall contrast enhancement was based on a 3D fast-gradient-echo technique (TR/TE/flip, 4.3/2.3/20°), with an acquisition time per dynamic view of 10 seconds, using a parallel imaging acceleration factor of 2 (with 24 reference lines). A total of 20 dynamic views were obtained for a slab thickness of 5 cm, phase-encodings giving a slice thickness of 3 mm, and an isotropic in-plane resolution of 0.7 mm. A gadolinium-based (Gd) contrast agent (Magnevist, Berlex, Wayne, NJ) was injected at the end of the second dynamic sequence at a concentration of 0.1 mmol Gd/kg and a rate of 2 mL/s via a power injector, so as to be coincident with acquisition of the second image in the sequence. After acquisition, plaques at the level of the internal carotid artery or common carotid bifurcation bilaterally were identified for analysis, with control regions defined as >1 cm away from plaques.
Measuring K trans
Inner and outer vessel wall contours were manually traced on all slices corresponding to plaque and control regions by an experienced observer blinded to the PET/CT and histopathology results. Contrast agent dynamics for the region between contours were quantified as previously described 11 using a Kety-Schmidt kinetic model for dynamic contrast-enhanced MRI. This model assumes that contrast agent concentration is proportional to signal intensity change, 20 and that reflux of contrast agent from the plaque to plasma is negligible over studies of short duration. 21 The average value of K trans (volume transfer constant from plasma to extravascular extracellular tissue compartment) over the entire plaque or control region was determined. Image analysis and kinetic modeling were integrated into an in-house program with graphical user interface implemented in the Matlab environment (The Mathworks, Natick, MA).
Plaque Histopathology
Excised specimens from subjects after CEA underwent histopathologic and immunohistochemical examination as previously described, 22 using protocols approved by the Partners Human Research Committee at Brigham and Women's Hospital. Specimens were cut in 4-mm rings grouped by distance relative to the carotid bifurcation, embedded, and sectioned before immunohistochemical analysis with monoclonal antibodies against CD68 for macrophage content, major histocompatibility complex class II (MHC-II) for activated inflammatory cells, and CD31 for microvessels (Dako North America, Inc). An experienced observer blinded to the PET/CT and DCE-MRI results performed the analyses. Measurement of CD68 and MHC-II staining used computer-assisted color image analysis to determine percent positive areas, and microvascular profiles identified by CD31 staining were quantified as number of microvessels per millimeter squared.
Colocalization Between FDG PET/CT, DCE-MRI, and Histopathology
Anatomic colocalization between corresponding PET/CT and DCE-MRI slices (and histopathologic sections, if available) was performed by locating plaques and control regions relative to the carotid bifurcation on the left and right sides of each subject. The carotid bifurcation was defined as the apex of the luminal flow divider between the internal and external carotid arteries ( Figure 1C ), as identified on MRI and CT, or in excised specimens. Locations of plaques and control regions on the MRI data set were recorded along axial images at 5-mm intervals and referenced according to the inferosuperior distance from the flow divider. PET/CT and histological data matching corresponding locations on MRI were obtained, accounting for an expected 25% contraction in tissue length after histological processing. 8 For subjects without MRI data, locations of plaques and control regions were defined histologically and matched to PET/CT. Matched cross-sections were compared quantitatively for FDG TBR, K trans , and immunohistochemical markers.
Statistical Analysis
Baseline characteristics are reported as rates with percentages (%) for categorical variables and medians with interquartile ranges for continuous variables. We used Fisher exact test and the Wilcoxon ranksum test to assess differences in categorical and continuous baseline characteristics. Because of modest kurtosis in the distribution of some histological and noninvasive imaging markers, values were natural log transformed before using Pearson correlation to describe the association between continuous variables. To account for any correlation between measurements (plaque and control region) within each subject who underwent carotid endarterectomy, we repeated the analysis using a mixed linear model with an unstructured covariance matrix. 23 Doing so did not significantly alter results, as there was no significant correlation between plaque and control regions within subjects. Recognizing that the associations between histological and noninvasive imaging markers may not follow strictly linear relationships, we also analyzed values of FDG TBR and K trans by tertiles of histological markers, with comparisons between tertiles based on the Kruskal-Wallis test. Similar results were obtained for TBR mean and TBR max , and only TBR mean is shown for simplicity, consistent with prior publications. 8 Regions of plaque and control were analyzed in pairwise fashion for the staining of histological markers, uptake of FDG TBR, and kinetic modeling of K trans using the paired Wilcoxon signed-rank test. To depict the association between markers of inflammation and microvascularization, we used Spearman correlation, rather than Pearson correlation with logarithmic transformation, to allow for ready interpretation of values on accompanying scatter plots. To account for ‡Continuous variables are presented as medians (interquartile ranges). §Medications taken for ≥4 weeks before testing. ║Plaque at internal carotid artery or bifurcation of common carotid artery.
the existence of bilateral noninvasive imaging data points in some subjects, the analysis was repeated using a mixed linear model, but results were not significantly different. Finally, mixed linear regression models were used to determine the factors most strongly associated with mean K trans values after natural logarithmic transformation. Candidate variables tested included demographic characteristics, medical history, and medication use, with the most significant and clinically important univariable associations included in the multivariable model. A second model added laboratory values as covariates, with only the most significant associations included in the final multivariable model. In this way, the first multivariable model was adjusted for TBR mean (natural log transformed), age, sex, presence of hypertension or diabetes mellitus, use of statin medication, neurological symptoms, and plaque stenosis >70%. The second multivariable model was adjusted for all of these factors, as well as serum levels of interleukin-6 and tumor necrosis factor receptor II. Only variables showing significant associations in the models are displayed. A P value of <0.05 was considered to indicate statistical significance, and all tests were 2-sided. The SAS analysis system, version 9.3, was used for all analyses (SAS Institute).
Results
Baseline Characteristics
Distribution of baseline characteristics is shown between subjects who did and did not undergo carotid endarterectomy ( Table 1 ). The median (interquartile range) age of subjects in the overall cohort was 68 (65-76) years, 50.0% were men, and most had a history of hypertension, dyslipidemia, and prior tobacco use. Compared with subjects without surgical intervention (n=17), those who underwent carotid endarterectomy (n=15) were more symptomatic (0 versus 26.7%; P=0.04) and demonstrated carotid plaques of greater anatomic severity (median [interquartile range] percent stenosis, 63 (58-68) versus 80 (78-88), P<0.001, respectively), but with similar levels of serum markers of inflammation. Figure 1A delineates the resultant number of analyzable plaques and control regions remote from plaque in the overall cohort by imaging modality. Summary statistics for SUV BW , TBR, and K trans are shown in the Table in 
Markers of Inflammation and Microvascularization Colocalize to Plaque in the Human Carotid
Histological and Noninvasive Imaging Markers Correlate Highly
Significant, moderate to strong direct correlations were observed between immunohistochemical staining in excised specimens and noninvasive functional imaging markers ( 
Histological and Noninvasive Imaging Markers Colocalize With Regions of Plaques
Relative to uninvolved regions, those with plaques showed significant associations with increased macrophage content, MHC-II expression, microvascularization, FDG uptake, and K trans ( Figure 4 ). In immunohistochemical examination of excised endarterectomy specimens as well as noninvasive functional imaging of carotid arteries, markers of inflammation showed significant and moderate direct correlations with those of microvascularization ( Figure 5A and 5B) and vessel permeability ( Figure 5C) 
Discussion
This study demonstrated that plaque regions with active inflammation, as determined by macrophage content and MHC-II expression, show increased FDG uptake, microvascularization by CD31 immunoreactivity, and K trans consistent with heightened microvascular permeability. The coincidence of inflammation and microvascularization with elevated FDG uptake provides additional mechanistic insight into the interpretation of FDG signal in human plaques. These in vivo data bolster our previous in situ observations colocalizing macrophages, angiogenic growth factors, and microvessels in human atheromata. 4 The correlation between K trans and FDG TBR was moderate, direct, and highly significant, and this association did not depend on other risk factors, including the presence of clinical symptoms, obstructive plaque, or serum biomarkers. The cohort studied included a range of plaque stenosis severity, in addition to control regions, in patients undergoing evaluation for carotid revascularization. Although all correlations between histological and noninvasive imaging markers were at least moderate in magnitude and nearly . As such, a novel aspect of this study is its focus on specific markers of inflammatory activation, rather than simply the enumeration of inflammatory cells. Although macrophages likely account for the bulk of the MHC-II expression (and FDG uptake) in the plaque, smooth muscle cells can also express MHC-II when stimulated by interferon-γ. 24 Moreover, cytokine-stimulated smooth muscle cells augment glucose uptake. Thus, some of the increased FDG signal in atheromata may also derive from uptake by smooth muscle cells that have encountered T-helper 1 cytokines. 25 Previous studies have explored the relationship between FDG PET and DCE-MRI with inconsistent results. In 40 subjects with coronary heart disease risk equivalents (but not necessarily significant carotid stenoses) who were also on lipid-lowering therapy to achieve low-density lipoprotein cholesterol levels of <100 mg/dL, Calcagno et al 13 found a weak, inverse correlation between mean FDG TBR and mean K trans , which lost statistical significance after correction for multiple testing. In contrast, Truijman et al recently reported a positive and significant weak correlation (r s =0.30; P=0.035) between FDG TBR and mean K trans in 49 patients with carotid stenosis of 30% to 69% and transient ischemic attack or minor stroke.
14 Furthermore, in 17 patients with suspected supra-aortic arteritis, Cyran et al 26 showed a positive significant strong correlation between mean FDG TBR and DCE-MRI extraction fraction. The discrepancy in correlations may relate to the magnitude of plaque inflammatory activity at the time of noninvasive imaging. Beyond prior studies, the work presented here not only correlated the noninvasive imaging markers with each other but also validated histopathologic markers of inflammation and microvascularization to provide insight into the biological state of the tissue, not just the presence of lesions or cells.
Ample evidence links plaque microvessels to plaques' propensity to provoke thrombotic complications. 6 Yet, under certain conditions, microvessels may provide a portal for efflux of inflammatory cells and lipids. 5, 27, 28 This potential dual role of microvessels in plaque biology may underlie the nonlinear trend observed between rising tertiles of CD31 staining and inflammation by FDG TBR or microvessel permeability by K trans (Figure 3 ). Limitations of this study include the physiological interpretation of the PET and DCE-MRI imaging parameters themselves. FDG PET furnishes a sensitive and reproducible technique for quantifying uptake of the glucose analog, 18 FDG, by metabolically active cells such as proinflammatory macrophages. Yet, the strict correlation of the FDG signal with inflammation remains incompletely defined. We have shown in human monocyte-derived macrophages that hypoxia, but not inflammatory activation, increases glucose uptake. 25 The relationship between glucose utilization by cells and FDG uptake and accumulation depends on the intracellular phosphorylation activity of hexokinases, as well as the specific radioactivity of the glucose analog in the extracellular milieu. Regions of plaques rich in microvessels may have facilitated local delivery of the tracer, increasing its specific radioactivity in the precursor pool for glucose transport. The regional elevation in the marker of permeability K trans supports the concept of increased delivery of the isotopic tracer to plaques. Thus, increased FDG signal could reflect regional enrichment of the labeled glucose analog and not an absolute increase in glucose transport. The design of this study did not permit determination of which factors account exactly for FDG uptake. In addition, the K trans parameter in DCE-MRI can have different interpretations depending on the assumptions made for kinetic modeling, such as the balance between capillary permeability and perfusion at the location of interest. Furthermore, inherent differences in spatial resolution between imaging modalities preclude perfect correlations between the colocalized measurements and likely contribute to scatter in these data. In the future, hybrid PET/MRI technologies may facilitate ever closer comparisons across multiple imaging modalities.
Despite these limitations and unsettled areas, this study firmly links neovascularization to ongoing inflammation (as assessed by molecular markers in situ) in human atheroma, independent of plaque anatomy, providing in vivo validation in humans of mechanisms hypothesized based on ex vivo observations. 4 Beyond the mechanistic insight, determining whether the application of these molecular and dynamic imaging techniques can improve cardiovascular risk stratification or direct therapy in an effective manner will require prospective studies evaluating their impact on clinical outcomes.
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